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Abstract 
Two mechanisms about electrochemical modification of clay minerals are summarized: one of electroosmotic 
dewatering and stabilization and the other of cation substitutions, structures and properties change, forming new 
minerals. The analyses of physicochemical soft rock (PCSR) indicate that physicochemical property of PCSR is 
dominated by physicochemical property of clay minerals. Therefore, it is possible to indurate PCSR in the coal-mine 
soft rock roadway with the electrochemical method. 
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1. Introduction  
It is utilized in the coal-mine soft rock roadway that bolt with wire mesh, grouting and guniting 
combined supporting technique and quadratic supporting technique. The supporting techniques can 
anchor high stressed soft rock and jointed soft rock, however, with little help for intense swelling soft 
rock [1]. 
The analyses of deformable mechanism in swelling soft rock roadway are based on engineering 
mechanical property of intense swelling soft rock, which mainly includes swelling and disintegration. The 
analyses lead to the following conclusion: engineering mechanical property of intense swelling soft rock 
induced by the shrink-swell property of clay minerals, swelling clay minerals play significant roles in the 
swelling process of intense swelling soft rock. In swelling clay minerals there are two types of swelling. 
One is the innercrystalline swelling caused by the hydration of the exchangeable cations of the dry clay; 
the other is the osmotic swelling resulted from the large difference in the ion concentrations close to the 
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clay surfaces and in the pore water [2]. The swelling of clay minerals as it manifests itself in the coal-
mine soft rock roadway is referred to as the osmotic swelling. 
The conventional electrochemical modification of clay minerals is that the electrodes and the 
electrolyte solutions modify clay minerals under direct current (DC) fields, leading to change in the 
physical, chemical and mechanical properties of clay minerals [3]. The mechanism of electrochemical 
modification of clay minerals is summarized as follow [4-9] 
• Electroosmotic dewatering and stabilization. 
• Cation substitutions, structures and properties change, forming new minerals. 
With respect to the modification of PCSR by electrochemical method, the essence of the method is 
electrochemical modification of physicochemical properties of clay minerals. It is our destination task 
that the conventional electrochemical stabilization of clay minerals may be applied to support the soft 
rock roadway in coal-mine. 
2. Electrochemical dewatering and stabilization 
The conventional electrochemical dewatering and stabilization is carried out by applying DC fields 
between two electrodes submerged in wet clay minerals, using a voltage imposed from an external power 
supply. Electrochemical dewatering and stabilization is based on the electrically induced flow (namely, 
electroosmosis) of water trapped between the particles of clay minerals. Such electrically induced flow is 
possible because of the presence of the electrical double layer at the solid/liquid interface. 
Such electroosmotic transfer of water takes place only as long as the water remains in the pores of the 
clay particles at the anode. Furthermore, marked and gradual movement of electroosmosis phenomenon 
occurs only in the pore meshwork of fine-grained clay particles. 
In 1808 the discovery of electroosmosis phenomenon [10, 11] by Reiss occurred soon after the first 
investigations on the electrolysis phenomenon of water by Nicholson and Carlisle. Reiss observed that a 
difference in the electric potentials applied to the water in U-tube results in a change of water levels 
(Fig.1) when the tube is filled partially with thin sand. In 1956 as pointed out by Nilolaev [12], most clay 
is complex electrochemical systems. 
According to the surface charge properties of the clay minerals, fine-grained clay particles present in 
sedimentary rock normally net negative electric charges, whereas groundwater is the electrolyte solutions 
in nature. On the surfaces of fine-grained clay particles there exists an excess of negative charges, 
forming the electrical double layer [13]. The inner or Stern layer consists of negative ions adsorbed onto 
the solid surface through electrostatic and Van Der Waals’ forces [10, 11], the ions and the oppositely 
charged ions in the absorbed layer do not move. The outer diffuse or Gouy layer is formed by oppositely 
charged ions under the influence of ordering electrical and disordering thermal forces, the positively 
charged ions can move. 
 
Figure1. Electroosmosis [10]  
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In the presence of DC fields in conjunction with addition of the electrolyte solutions, the electrical 
conductivity of clay soils increases. The assumption is as follows: an external electric field is parallel to 
the solid-liquid interface in the capillary. Positive ions being formed in great quantities by the action of 
the electric current move in the direction of the cathode and carry with water molecules to which they are 
attached. The velocity of the electrolyte solutions in the electrical double layer is described by the 
relationship [14] 
                      v=(εEζ)/ η                                              (1) 
where ε is the dielectric constant; E is the external electric field; ζ is the zeta potential as the potential 
difference in the electrical double layer; η is the viscosity of the electrolyte solutions  [15]. 
The electroosmotic velocity under the unit electric field intensity can be written as 
                    ve=v/E=(εζ)/η                                            (2) 
In the capillary in which the thickness of the electrical double layer is negligible with respect to the 
capillary radius, most of the fluid in the capillary moves with a velocity [16, 17].the electroosmotic 
velocity can be given by 
                      ve =Ke∂E/∂L                                           (3) 
where Ke =(εζ)/4πη is the electroosmotic coefficient; ∂E/∂L is the electrical potential gradient; L is the 
distance between the two electrodes. 
Fine-grained clay particles are negatively charged mostly because of cation substitutions. The charge is 
balanced by exchangeable cations adsorbed to the surfaces of clay minerals. The internal balance of 
charges is incorporated in the electrical double layer. Potassium and sodium cations contained in the outer 
diffuse layer are substituted by electrically stronger hydrogen, calcium, and aluminum cations. The 
substitution leads to a decrease in the thickness of water film on the clay particles and to a considerable 
decrease in hydrophilic tendency of the clays. Thus, the size of some of the clay particles decreases. 
Decrease in size and charge of the particles results in coagulation, crystallization, and adsorption of small 
particles on the surfaces of the larger ones. Coagulation and crystallization are very important in the 
whole electroosmotic processes. 
During the electroosmotic processes, the electrolyte solutions in the vicinity of the electrodes are 
electrolyzed. Oxidation occurs at the anode, oxygen gas is evolved by hydrolysis. Reduction takes place 
at the cathode, hydrogen gas evolved [3, 18, 19]. The electrolysis reactions are [11] 
2H2O-2e-→O2+4H+            at the anode                       (4) 
2H2O+2e-→H2+2OH-    at the cathode                     (5) 
As the electrolysis proceeds, the zeta potential near the anode decreases because of the decrease in pH 
caused by reaction (4) and (5). Near the cathode, the pH remains high during electrolysis and changes 
little.  
The process of the electrolysis is affected by the magnitude of charges, the electrolyte solutions, and 
temperatures. Dewatering and stabilization resulted in several physicochemical and chemical processes 
which take place concurrently, there is difficultly in evaluating the contribution of each to the 
effectiveness of dewatering and stabilization. Not all processes contributed to dewatering and stabilization, 
some retard it or even have a reverse effect. 
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3. Modification of physicochemical property  
With respect to modification of physicochemical property, the analyses of literatures lead to the 
following conclusions after electrochemical treatment [20-22] 
• The clay saturation decreased. For instance the saturation decreased from 78% to 26%. 
• The reduction in shrinkage crack may be considerably. 
• The possibility of dewatering and stabilization of clay soils by means of DC fields. The degree of 
soil stabilization and course of the processes are dependent on clay content, types of clay present, 
and the concentration of the electrolyte solutions. Temperatures as high as 100°F were observed 
adjacent to electrodes during electrochemical dewatering and stabilization treatment. 
Electrochemical stabilization of swelling soft rock is utilized in the coal-mine roadway [23]. The point 
load test was used to determine the rock mass strength for untreated and treated samples. According to the 
ratio between uniaxial compressive strength and point load strength, uniaxial compressive strength was 
sharply increased. The analyses of electrochemical property of swelling soft rock lead to the following 
conclusions: newly-formed minerals which cement the rock, the rock mass strength increases the stability 
of swelling soft rock. Chilingar [24] and Aggour [25, 26] studied the effect of DC fields on the 
permeability of Berea sandstone. Berea sandstone cores approximately 25cm in length and 5cm in 
diameter were used and a 20g/l NaCl electrolyte solution. The results are listed below 
• The permeability and wettability of cores affected by such factors as the property of the electrical 
double layer, the electrical conductivity of the system, the magnitude and direction of the 
electrical potential gradient, and the ratio of the electroosmotic to hydrodynamic water transports. 
• For a porous medium full saturated with the electrolyte solutions, there are such relations as 
follows: the greater the resistivity, the greater is the magnitude of electroosmotic transport for the 
same electrical current; a linear relation exists between the applied electrical potential gradient 
and the electroosmotic velocity. However, a linear relationship may not be exhibited for this 
complex system of rock and fluids. 
During triaxial failure [27] test, the electrokinetic coupling coefficient was increased at about 
72%~86% of the failure stress. This increase is thought to be due to an increase of the zeta potential in the 
shear zone where new surfaces are created and connected.  
4. Newly-formed minerals in soft rock 
The electroosmosis can indurate clay minerals and soft rocks under electrochemical treatment. The 
electrolyte solutions diffuse through the clay minerals and soft rocks by means of ionic transmission, 
changing its physicochemical properties and forming newly minerals.  
Figure2. The images of powder samples 
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Under the action of DC fields with addition of the electrolyte solutions, the electric gradient is 0.5 
V/cm, the concentrations of CaCl2 electrolyte is from 0 to 1mol/l. Fig.2 shows the images of powder 
samples in natural sample and treated samples. The newly-formed minerals include gibbsite, calcite and 
anhydrite. 
5. Conclusion 
The analyses of the electrochemical properties of PCSR indicate that the more heavily the soft rock 
swells, the stronger the electrochemical activity will be. The mechanism of electrochemical modification 
is: (1) electroosmotic dewatering and stabilization; (2) ionic substitutions, structures and properties 
change, forming new minerals. 
There are lots of bolts in the coal-mine soft rock roadway. For instance, under the action of DC fields 
with addition of the electrolyte solutions in drilling boreholes, new minerals are formed in the pores of the 
clays. The newly-formed minerals sharply increase the stability of PCSR. 
Therefore, it is possible to improve the properties of PCSR with the electrochemical modification and 
to reduce its swelling and to increase its strength. 
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